INTEGRATED PHOTODETECTOR AND HETERO JUNCTION 

BIPOLAR TRANSISTORS 



FIELD OF THE INVENTION 

[0001] The present invention relates to optoelectronic devices and, in particular, to the 
integration of photodetectors and transistors integrated on.a substrate. 

BACKGROUND OF THE INVENTION 

[0002] The speed at which optical networking devices operate can be increased by using 
integrated circuits that provide both optical and electronic functions. Optoelectronic 
integrated circuits (OEICs), in particular, combine photodetectors, which convert optical to 
electronic signals, with transistors, used to electronically amplifying the detector signals, on a 
single substrate. Integrating these components on a substrate circuit has the potential to 
greatly increase the speed (in excess of 40Gb/s) and to decrease the cost of high-speed 
networking components through the development of compact optical circuits for optical 
networking. 

[0003] One technique for developing components that allow for QEICs is the integration 
of p-i-n photodiodes (PIN-PDs) wifli single heterojunction bipolar transistors (single HBT, or 
SHBT), referred to herein as "PIN/HBT integration." HBTs have proven large-scale 
integration capability and also have the potential for use as optical transceiver modules with 
signal processing front ends such as multiplexer, de-multiplexer, and clock-and-data-recovery 
circuits. PIN/HBT integration is based on structural similarities of certain PIN-PDs and 
SHBTs that allow these components to be fabricated from a single stack of semiconductor 
layers. In particular, it is known that a stack of semiconductor layers can be used to form 
both the base and collector ofa SHBT and a PIN-PD. For example, one prior art circuit is 
based on a sq^arate PIN-PD structure grown on the bottom of a HBT structure which 
includes a SHBT and a double HBT (DHBT) on top of the PIN-PD structure. While this 
allows for integration of photodiodes and transistors, this approach suffers firom several 
drawbacks that limit the application of such devices to high -speed applications, such as the 
inability to produce photodiodes with high responsivity to light and transistors tfiat operate at 
high speed when the devices are formed from the same semiconductor layers. 
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[0004] Otber techniques have also been developed or proposed based on the etching and 
regrowth of structures. One prior art device uses an epitaxial PIN-PD on top of a SHBT that 
is located on a partially recessed indium phosphate (InP) substrate, and ano&er has a PIN-PD 
that is grown on a recessed InP substrate with subsequent HBT layers grown after the 
removal of layers of the PIN-PD outside of ttie recess, for circuit planarization purposes. 
While these structures achieve monolithic integration of a high responsivity PIN-PD with a 
high-speed SHBT, manufacturability is a major concern since the regrowth technique is 
currently incompatible with common-practice fabrication processes, and hence is not 
economical. 

[0005] Another technique for developing components that are compatible wifli OEICs is 
the integration of PIN-PDs wifli high election mobility transistors OHEMTs) or 
Pseudomoiphic HEMTs. One limitation of fliis approach is that HMET manufacturing 
techniques are appropriate for circuits having only a small amount of circuit integration. 
Another limitation of this approach is fliat HEMTs have limited speeds that result from noise 
levels that increase for bit rates greater flian 2 Gb/s. 

[0006] It is als6 desinible to increase &e speed and sensitivity of the PDs in OEIC^^ The 
sensitivity of photon detection can be increased by increasing tiie absorption layer thickness 
oftiiePD. High-speedresponsivity is limited by the transit time of the photo-generated 
current due to the relatively long interaction lengtii. Many solutions have been proposed to 
increase the photoresponsivity while maintaining low photocurrent transit time and 
reasonable RC time constant One proposed solution is to provide a waveguide 
photodetector ■ However, due to the difiBciilty of these light coupling schemes and the 
inability to produce them with monolithic integration, only discrete devices are available to 
date. For monolifliic integration of OEICs, surface-normal photodetectors appear to be the 
only viable solution in the prior art. This configuration greatly limits the ability to couple 
light into the photodetector. 

[00071 In summary, prior art techniques for integrating compo«nts in an OEIC are either 
too slow for high-speed use, are not amenable for use with high levels of integration, or use 
manufacturing techniques that are expensive or are not standard semiconductor 
manufacturing techniques. 
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[00081 What is needed is a semiconductor structure that allows for the fabrication of 
high-speed transistois and high responsivity photodiodes using techniques that are both 
economical and compatible wifli common fabrication techniques. Such a structure should be 
based on semiconductor layers and fabrication techniques that are commonly used, allowing 
for the production of advanced integrated circuits with a minimal amount of extra effort and 
expense. The resulting circuit should be based on die monolithic integration of both high- 
sensitivity photo-detector and high-speed, high linearity HBTs that can be used for circuits 
operating at 40 . Gb/s or greater. 

SUMMARY OF THE INVENTION 

[0009] The present invention solves the above-identified problems of known OEICs by 
providing photodiode and transistor structures that can be fabricated using prior art 
semiconductor fabrication techniques firoin a single stack of semiconductor layers on a 
substrate, resulting in high-speed, linear HBTs and high-sensitivity photodetectors in a single 
integrated circuit . 

[0010] It is one aspect of the present invention to provide a structure for forming 
integrated HBTs and PDs using a common stack of semiconductor layers for operation of 
OEICs at speeds of 40Gb/s or greater. 

[001 1] It is another aspect of the present invention to provide a structure for forming 
integrated HBTs and PDs using a common stack of semiconductor layers. It is anoflier aspect 
of the present invention that the structure allows for the integration of all InP-based and 
GaAs-based SHBTs and DHBT. 

[0012] It is yet another aspect of die present invention to provide a structure for forming 
integrated HBTs and PDs that facilitate wet-etching HBT fabrication processes using current 
selective etchmg techniques, and possibly combined dry-etching such as reactive-ion-etching 
(RIE) or inductively-coupled-plasma (ICP) etching techniques in both GaAs- and InP-based 
HBTs. 

[0013] It is an aspect of the present invention to provide a structure for forming integrated 
HBTs and PDs that can be manufactured on lattice-matched to InP substrates or on strained 
layers compatible with InP-based and GaAs-based semiconductors. 
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[0014] It is one aspect of ttie present invention to provide integrated optoelectronic 
components formed from a plurality of adjacent layers including sequential first, second and . 
third layers on a substrate. The components include at least one singje-heterojunction bipolar 
transistor formed from an emitter layer and from the first, second and third layers, where the 
first layer forms a transistor base, the second layer forms a transistor collector, and the tiurd 
layer forms a transistor subcoUector. The components also include at least one p-i-n-i-p 
photodiode formed from the first, second and third layers, where the first layer forms a 
photodiode p-type layer, where the second layer forms a photodiode i-type layer, and the 
third layer forms a photodiode n-type layer. 

[0015] It is onie aspect of die present invention to provide integrated optoelectronic 
components formed firom a plurality of adjacent layers including sequential first, second and 
third layers on a substrate. The components include at least one p-i-n-i-p photodiode formed 
fix)m the plurality of layers and at least one single-heterojunction bipolar transistor formed 
from die plurality of layers, and includes adjacent p-type, i-type, and n-type layers of said at 
least one p-i-n-i-p photodiode. 

[0016] It is another aspect of the present invention to provide integrated optoelectronic 
circuit components formed from a plurality of layers on a substrate. The components include 
a first group of the plurality of layers forming a reflector, a second group of the plurality of 
layers on said first group and forming at least one bipolar heterojunction transistor, and a 
third group of the plurality of layers on said first group and forming at least one photodiode. 
The reflector is positioned to double-pass light dirough said at least one photodiode by 
reflecting light transmitted dm>ugh the at least one photodiode back througli said photodiode. 

[0017] A further understanding of the invention can be had from the detailed discussion 
of the specific embodiment below. For purposes of clarity, this discussion refers to devices, 
methods, and concepts in terms of specific examples. However, the method of the present 
invention may be used to connect a wide variety of types of devices. It is therefore intended 
that the invention not be limited by the discussion of specific embodiments. 



SANFRANCISCO 4077090v5 



4 



BRIEF DESCRIPTION OF THE DRAWING 

[0018] The foregoing aspects and the attendant advantages of the present invention will 
become more readily appreciated by reference to the following detailed description, when 
taken in conjmiction with the accompanying drawings, wherein: 

[0019] FIG. 1 is a sectional view illustrating a first embodiment semiconductor stracture 
of the present invention; 

[0020] FIG. 2 is a sectional view of a second embodiment semiconductor stracture 
having a SHBT and a p-i-n-i-p photodiode; 

[0021] FIGS. 3A-3M are sectional views of one method for manufacturing the 
semiconductor stracture of FIG. 2; . 

[0022] FIG. 4 is a sectional view of a third embodiment stracture having both a bipolar 
transistor and photodiode on top of a DBR stractuie; 

[0023] FIG. 5 is a sectional view of a fourth embodiment semiconductor having both a 
SHBT and a p-i-n-i-p photodiode on top of a DBR stracture; 

[0024] FIG. 6 is a sectional view of a semiconductor layer stack for producing the 
stracture of FIG. 5; 

[0025] FIG. 7 is a sectional view of a fifth embodiment semiconductor having a SHBT, a 
p-i-n photodiode and a DBR structure between the SHBT/photodiode; 

[0026] FIGS. 8A-8F are sectional views of one method for manufacturing the 
semiconductor stracture of FIG. 7; and 

[0027] FIG. 9 is a sectional view of a sbcth einbodiment semiconductor having a DHBT, 
a p-i-n photodiode and a DBR stracture between the SHBT/photodiode. 

[0028] Reference symbols are used in the Figures to indicate certain components, aspects 
or features shown therein, with reference symbols common to more than one Figure 
indicating like components, aspects or features shown therein. 
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DETAILED DESCRIPTION OF THTg TNVKNTION 

[0029] The present invention is directed to structures that include a photodiode and a 
heterojunction bipolar transistor formed from a stack of semiconductor layers, where the 
individual layers of the stack can be produced in the same growth run. The resulting 
structures result in components (transistors and photodiodes) that can then be integrated on 
the substrate to fabricate an OEIC. In general, the inventive structures can be used to produce 
OEICs using any bipolar transistor structure that is compatible for growth on indiimi 
phosphate substrates, or on strained substrates on which InP-based and GaAs-based 
semiconductors can be fabricated. More specifically, the inventive structures include a 
plurality of semiconductor layers on a substrate, out of which PDs and HBTs can be 
fabricated from some common layers. These structures use part of the HBT structure as a PD 
to increase the photo-responsivity without impairing the high-frequency performance of the 
PD, flie HBT, or the circuits fabricated with these components. 

[0030] To facilitate the description of the present invention, the invention is described 
below in terms of specific photodiode and transistor structures that have high-speed and high- 
responsivity. A schematic of a first embodiment of the present invention is shown in FIG. 1 
as structure 100. Structure 100 includes a substrate 101 having a SHBT 110 and a 
photodiode 120. Both the SHBT 110 and photodiode 120 are formed from a common stack 
of a plurality of semiconductor layers 103, contact pads 105 and interconnects 107. More 
specifically, SHBT 110 is an NPN SHBT structure having an emitter E, a base B, a collector 
C, and a subcollector SC. Photodiode 120 is a p-i-n-i-p photodiode (PINflP PD) writh the n- 
type, i-type, and p-type layers indicated sequentially in FIG. 1 as a first p-type layer PI, a 
first i-type layer II, an n-type layer N, a second i-type layer 12, and a second p-type layer P2. 
Also shown in FIG. 1 is dashed arrow representing a light beam impinging on the vertical 
photodiode 120. The PDs of the present invention are vertically oriented, allowing them to 
accept light in a direction toward the substrate. In general, the PDs can detect light that is not 
parallel to the substrate surface, though it is preferable that the light is normal to the substrate 
and that it approaches the substrate from above. Structure 100, and all of the structures 
described herein, may includes other layers, such as the thin etch stop layer ES, that aid the 
manufacturing of components from layers 103 but that do not appreciably alter the optical or 
electronic operation of the components. 
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[00311 The junction of base B and collector C of SHBT 110 are formed finom tbe same 
layers as a p-type and i-type layer (PI and II, respectively) of photodiode 120, and thus a 
portion of the PD structure is included in the layers of flie SHBT. Additionally, and in 
contrast with stractures of the prior art, structure 100 includes an additioiial photodic^ 
formed by the layers 12 and P2 that are located between the particular layers 103 that form 
SHBT 110 and substrate 101. Structure 100 thus consists of an additional photodiode 
junction, formed by the junction of the layers N, 12 and P2 and electrically interconnected 
with metal interconnect 107 to form a parallel-connected PIN diode. Stracture lOO allows 
incident light to pass through two photodiode junctions (Pl-Il-N and N-I2-P2), greatly 
increasing the photoresponsivity of the photodiode 120. In addition, the photodiode junction 
layers forming layers N-I2-P2 are below SHBT 110, and are not electrically used in the 
SHBT and do note afiTect the performance of the bipolar transistor. In summary, the 
advantages of structure 100 include 1) enhanced photodetector resj)onsivity due to a longer 
optical absorption pass, with no compromise in the HBT performance, and 3) only a slightly 
more complicated fabrication procedure over more conventional HBT fabrication processes. 

[0032] Structure 100 is configured for detecting light of a wavelength of about 1 .55 pm, 
as in proposed applications of OEICs, through the use of an InP/Indium gallium arsenide 
(InGaAs) PINIP PD. Specifically, the InP/InGaAs layers are lattice-matched to InP and have 
absorption layers II and U for absorption at 1.55 \un. In the p-i-n-i-p photodiode structure, 
special care must be taken in the n-layer of a photodiode to reduce the fiitile photon 
absorption through majority carrier relaxation while maintaining a low sheet resistance of the 
n-type contact layer for both the HBTs and the photodiodes. The n-layer of the photodiode 
should consist of a highly-doped wide bandgap material, such as InP and indium aluminum 
arsenide (InAlAs), along with a thin and highly-doped low bandgap material, such as 
InGaAs. The incorporation of a wide bandgap material produces a photo-transparent layer 
for a given photonic energy, while maintaining the sheet resistance a reasonable, low value. 
The use of a highly-doped material as required for the n-type layer minimizes the current 
blocking effect for lower part of the PINIP PD (layers 12 and P2). Preferably, PI has an anti- 
reflection (AR) coating to increase the amount of light passing through thel PD. 

[0033] * A second embodiment of structure 100 is shown in FIG. 2 as a structure 200 that 
includes an ISfPN SHBT 210 and a PINIP PD 220 having layer definitions (materials, types, 
doping and thicknesses) as listed in Table I. HBT 210 and photodiode 220 are formed from a 
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common stack of sequential semiconductor layers 203, indicated as layers 203-a to 2034 on a 
substrate 201, as well as several pads 211, 213, 215, 221, 223, and 225 and a metal 
interconnect 227. Several of the layers 203 are also labeled to indicate their function in the 
resulting structures, as in FIG. 1. The layer definitions of structure 200 are exemplary la^^ 
for a stack that is lattice-matched to an InP substrate 201 having an InP/IhGaAs HBT 210 
monolitfaically integrated witti a p-i-n-i-p photodetector 220, and are not meant to limit tfie 
scope of the invention. The formation of ttiis, and all stacks, of the present invention can be 
fabricated by readily available epitaxial equipments such as MBE and MOCVD. 



Lay 
Layer No. 


'er Definition 
HBT 


PD 


Material 


Type 


Doping 
(cm-') 


Thicknes 

s<A) 


203-1 


Cap 




InGaAs 


N+ 


10'" 


1500 


203-k 


Emitter 




InP 


N 


10'« 


400 


203-j 


DESL 




InGaAs 


N 


5x 10" 


50 


203-i 




InP 


N 


10'' 


300 


203-h 


Base 


PI 


InGaAs 


P+ 


4x10'" 


500 


203-g 


Collector 


11 


InGaAs 


UID 


10'*" 


3000 


203-f 


Etch Stop 


11 


InP 


UID 


lO"' 


200 


203-e 


SubcoUector 


N 


biGaAs 


N+ 


10" 


1000 


203-d 




N 


InP 


N+ 


5x 10" 


2000 


203-c 




12 


InGaAs 


UID 


lO'" 


5000 


203-b 




12 


InP 


UID 


lO'" 


200 


203-a 




P2 


InGaAs 


P+ 


4x10'" 


1000 


201 


Substrate 


InP 


S.L 





Table I. Exemplary Layer Definitions for the Second Embodiment Integrated PIN/HBT 
Stracture, where PD is Photodiode; UID is Unintentionally Doped; SI. is Semi-insulating; 

and + is Heavily Doped. 

[0034] The layers of structure 200 include (fix>m bottom to top) a heavily-doped p- 
InGaAs for p-type contact 203-a of flie lower stack of PIN diode 220, an i-InP layer for etch 
stop 203-b, an i-InGaAs absorption layer 203-c, and an n-type InP 203-d. Layers 203-e to 
203-h fomi the remainder of photodiode 220 and HBT 210. These layers consist of an n+- 
. InGaAs HBT subcollector and an n-type photodiode layer 203-e, an InP etch stop layer 203-f, 
an InGaAs HBT collector and an i-type photodiode layer 203-g, and a carbon-doped, p+- 
InGaAs base with doping leyel over 10^^ cm*^ and p-type photodiode layer 203-h. The 
uppermost layers 203-i to 203-1 form the remaining upper portion of HBT 210, with DESL 
layers 203-i and 203-j, an n-type InP emitter layer 203-k, and an InGaAs cap layer 203-1. 

[0035] Thus HBT 210 is formed from layers 203-e to 203-1, with layer 203-e forming the 
subcollector, layer 203-f forming a etch stop, layer 203-g forming the collector, layer 203-h 
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foiming the base, layers 203-i and 263-j forming a dual etch stop emitter ledge (DESL), layer 
203-k foiming the emitter, and layer 203-1 forming flie cap. Jn addition to layers 203-e to 
203-1, HBT 210 includes pads 211, 213^ and 215 to provide external connections to flie HBT, 
vnih pad 211 on top of cap 203-1, pad 213 on top of base B Qayer 203-1), and pad 2153 on top 
of subcollector SC (layer 203-e). 

[0036] PINIP PD 220 is formed from layers 203-a to 203-li, with layer 203-a fomiing fee 
second p-type lay^ P2, layers 203-b and 203-c forming the second i-type layer 12, layers 
203-d and 203-e forming the n-type layer N, layers 203-f and 203-g forming the first i-type 
layer II, arid layer 203-h forming fee first p-type layer PI. In addition to layers 203-a to 
203-h, photodiode 220 includes a pair of pads 221 on layer PI and a pair of pads 225 on Uyer 
P2, and intercoimect 227 between one of each of the pair of pads 221 and 225 to electrically 
connect the two p-type layers, and the other of the pair of pads 221 and 225, as well as pad 
223 to provide external electrical connections to the p-^e and n-type layers, respectively. In 
general, substrate 201 can include a multitude of structures 210 and 220, as well as other 
optical, electronic, or optoelectronic devices that are wired through combinations of 
conducting and insulating layers or vias to form a functional OEIC. 

[0037] The structure 200 thus provides for the formation of a photodiode having two 
photodiode junctions (the Pl-Il-N and N-I2-P2 layers of PINIP PD 220) alongside HBT 210, 
with sequential layers 203-a to 203-h used for forming photodiode 220, and sequential layers 
203-e to 203-1 used for forming HBT 210. Note that HBT 130, unlike prior art HBT/p-i-n 
photodiode structures, includes layers 203-a to 203-d between HBT 210 and substrate 201 
that are not functionally required for the HBT, but that allow photodiode 220 and HBT 210 to 
be formed fit)m the layers 203, while providing an additional photodiode interface to increase 
the photoresponsivity of the photodetector. 

[0038] The lower-stack PIN photodiode (layers 203-a to 203-e) of photodiode 220 shares 
n-typeregion, layer 107, with HBT 210. The p-type contacts of both top and bottom 
photodetectors (layers 203-a and 203-h) are connected through a metal interconnection layer 
227 to pads 221 and 225 connected to layers 203-h and 203-a, respectively, forming a 
parallel-connected PIN diode. The choice of materials, doping and thickness are selected to 
optimize the operation of photodiode 220 and HBT 210 to produce uniform PIN/HBT device 
performance for 1 .55 |im-wavelength absorption. As indicated in Table I, structure 200 has a 
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photodiode n-layer consisting of a highly-doped wide bandgap material 203-d, such as LaP, 
along with a thin and highly-doped low bandgap material, such as InGaAs layer 203-e.. 

[0039] HBT 210 is expected to have an greater than 1 60GHz and a fnua of greater flian 
220GHz. When combined with photodiode 220, it is expected to produce a device having a 
photo-responsivity of greater flian 0.5A/W wiA a 3dB optical-to-electrical bandwidth around 
40GHz for photodetectors with 10 nm-diameter optical illumination window. 

[0040] While structure 200 h'as been described using InGaAs and InP layers, the 
invention is not so limited, and many altemative embodiments are within the scope of the 
present invention. Materials for fabricating the inventive structures include emitter and 
collector layers such as InP, ternary compounds, such as InGaAs and InAlAs, or quaternary 
compoimd semiconductors including aluminum gallium indium arsenide (AlGalnAs)^ 
gallium indium arsenide phosphide (GalnAsP), and gallium indium arsenide antimonide . 
(GalhAsSb), In addition, thebase layer is not limited to hiGaAs. Antimony-based materials 
such as gallium arsenide antimonide (GaAsSb) can be used as well. The use of strained or 
metamorphic layers on all material systems can also be applied to the inventive structure. 
Examples of altemative embodiments for stracture 200 are presented in Table H. 
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La 
Layer 
No. 


yer Definition 
SHBT 


PD 


Materials 


Type 


Doping (cm'O 
Range 
(nominal) 


Hiickness (A) 
Range 
(nominal) 


2U3-1 










10"'-2xl0^ 
dO''^ 


500-4500 
(1500) 


203-k 


Emitter 




inr 

InAlAs 
InGaAlAs 

Tnr^o AqP 


XT 
IN 


10*'*- 5 X 10** 

(io'») 


1000 — 5000 
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203-j 
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InGaAs 
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10'°- 5 X 10" 
(5 X lO") 


300-5000 
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203-i 
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InP 
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200 - 5000 
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203-h 


Base 
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InGaAs 
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P+ 


10'«-2xl0^ 


500-1000 
(500) 


203-g 


Collector 


11 


InGaAs 
GaAsSb 
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10"*- 10'^ 
(10") 


2000-15000 
(3000) 


203-f 


Etch Stop 


11 


InP 

InGaAsP 


UID 


10'*- 10'^ 


300- 2000 
(200) 


203-e 


SubcoUector 


N 


InGaAs 
InAlAs 
invja/\i/vs 
InGaAsP 


N+ 


10"-2xl0^ 

(io'») 


100-10000 
(1000) 


203-d 




XT 


Inr 

InAlAs 
InGaAlAs 

T«rio A cP 




(5 X 10'*) 


100— 10000 
(2000) 


203-c 




12 


InGaAs 

A oQl% 
VjanSoD 


UID 


10'*- 10"^ 
(lO'^ 


100- 15000 
(5000) 


203-b 




12 


InP 

InAlAs 
InGaAsP 


UID 


10'*- 10'"^ 
(10") 


100 - 2000 
(200) 


203-a 




P2 


InGaAs 
GaAsSb 


P+ 


10"-2xl0^ 
(4 X lO") 


200 - 5000 
(1000) 


201 


Substrate 


InP 

metamorphic 
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S.L 





Table II, Alternative Layer Definitions for a the Second Embodiment Integrated PIN/HBT 
Structure, where PD is Photodiode; UID is Unintentionally Doped; S.I. is Semi-msulating; 

and + is Heavily Doped. 
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FABRICTION OF THE FIRST EMBODIMENT 

[0041] One sequence of processing steps for producing structure 200 will now be 
presented in FIGS. 3 A-3M. The constituent materials can be lattice-matched, strain^ or 
metamoiphically grown on semiconductor substrates. As examples, an exemplary layer 
structure described in Table I the previous section to illustrate the fabrication process. Due to 
the flexibility in epitaxial material growth, the fabrication processing sequences can be varied 
for certain material systems. However, the process steps proposed herein is representative 
and can thus be used as a guideline to the process development. Wet-etching HBT 
techniques can be utilized in the device fabrication, as can combined dry-etching such as KDE 
or ICP etching ofeitherGaAs- or InP-basedHBTs. Highly selective etch-stop layers are 
inserted when appropriate to ensure device performance uniformity. The detailed device- 
. level processing steps are described as follows. 

[0042] The layers used to form structure 200 are shown in FIG. 3 A. The HBT processing 
steps are known in the prior art and well-established. The emitter contact 211 is first 
deposited using thermal or e-gun evaporation in a vacuum system as shown in FIG. 3B. The 
emitter layers 203-1 to 203-k are then etched using a selective etching solution to obtain the 
structure of HG. 3C The selective etching of InGaAs over InP is achieved by using citric- 
acid or sulfuric acid (H2S04)-based solutions; the selective etching of InP over InGaAs is 
achieved using hydrochloric-acid (HCl)-based etching solutions. The selective etching 
solutions can be found in many publications and are well-documented. 

[0043] Following the emitter etch, self-aligned base contact pads 213 and photodiode p- 
type pads 221 are applied as shown in FIG.3D. This structure can facilitate eiflier alloy- 
through or DESL processes. The etching of layers 203-h and 203-g, as shown in FIGS.3D 
and 3E, is then preformed by the selective etchmg of InGaAs using, for example, citric-acid- 
based etchmg. The etching will stop automatically at the InP etch-stop layer 203-f, as shown 
in FIG. 3F. The InP etch-stop layer 203-f provides a well-controlled etching depth and hence 
improves die device performance uniformity. The etch-stop InP layer 203-f is then removed 
using HCl-based solutions (FIG. 3G). The collector metal contact pads 215 are^en applied 
on collector layer and metal contact pads 223 are applied to the photodetector n-type layer 
(FIG.3H). 

[0044] The remaining step are used to fabricate the second PIN diode (layers 203-a to 
203-d). The sub-collector layer 203-e and the second intrinsic InGaAs absorption layers 203- 
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d and 203-c are removed by wet-etching. The etching is a^dn controlled by selective- 
etching solutions (FIGS. 3I-3K). The devices are Aen isolated by etching the epi-layers 
down to the InP substrate 201 (FIG. 3L). To complete the lower stack of PIN diode, a metal 
contact pad 225 is evaporated or sputtered onto the p-contact layer (FIG. 3M). Finally, bofli 
p-layers (203-h and 203-a) are connected with metal interconnect 227, resulting in ttie 
structure of FIG. 2. In practice, the interconnecting metal for the PIN diodes can be carried 
out in the Metal 1 layer of circuit fabrication. Therefore, no additional fabrication steps are 
required for the fabrication of optoelectronic integration circuits. 

ENHANCED PERFORMANCE PHOTODETECTOR 

[0045] The performance of the vertically integrated photodiode/HBT stmcture is further 
improved by increasing the light path durough the photodiode. As shown in FIG. 3, light that 
is vertically directed through photodiode 220 passes through two photodiode junctions, the 
upper photodiode formed from the layers Pl-Il-N, and the second photodiode formed by the 
layers N-I2-F2, and then is absorbed by substrate 201. Neglecting light reflected from the 
upper surface of the photodiode, the photon absorption in a photodiode can be expressed as: 

where luicident is the input light energy density, lahsorption is the absorbed photon energy density, 
a is the absorption coefficient of the photodiode, which depends on die photodiode material 
and wavelength of the absorbed light, and d is the interaction length of a photon traveling in 
absorption materials. For a p-i-n photodiode, d is die interaction lengdi through the single 
photodiode junction, while for a p-i-n-i-p photodiode, d is the interaction length through flie 
pair of photodiode junctions. The corresponding photocurrent Jph is proportional to quantum 
efficiency r| and the absorbed light energy for the ideal case, i.e. 



hv 

[0046] The vertical integration of the base-collector junction as the photodetector for 
OEIC applications, as in structures 100 and 200, allows for the further inclusion of an optical 
reflector to effectively double the output of the photodetector. The use of a reflector is not 
limited to the stractures previously described, but includes, for example, either PIN or PINIP 
PDs, and HBTs tiiat may be eidier InP-based or GaAs-based SHBTs or DHBTs. Specifically, 
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flie insertion of a distributed Bragg reflector (DBR) between the substrate and a PIN and 
HBT structure is compatible with the febrication of structures 100 and 200, as well as other 
structures described subsequently. A carefully designed DBR is a high-reflectivity mirror 
fliat reflects the once-absorbed light back through the photodiode. As explained below, this 
provides for the double pass of vertically incident light, which greatly increases Ae output of 
the photodetector. 

[0047] FIG. 4 shows a schematic of a third embodiment structure 400 having a bipolar 
transistor 410 and a PD 420 on a DBR 430 stack, which in turn is on top of substrate 201. 
The layer definition of DBR 430 on substrate 201 is presented in Table n. DBR 430 forms a 
superlattice of alternating well layers 431 and barrier layers 433. The thickness and the 
number of layers 431 and 433 should vary with ihe change in HBT layer thickness and flie 
required reflectivity /7 The Aeoretical calculation of reflectivity of a DBR stack is well- 
know, and can be found, for example, in S. L. Chuang, "Physics of Optoelectronic Devices," 
2™* Ed., Wiley, New York (1995). Well layer 431 is formed 6om InGaAs/InP, though all IH- 
V alloys that can be applied on substrate 201 can be used. Layers 431 and 433 contain 
unintentionally doped material, nominally at 10^^/cm^, though flie actual doping level can be 
from 10"/cm^ to lO^Vcm^. Well liayer 431 has a nominal thickness of 200 A and barrier layer 
433 has a nominal Aickness of 200 A, and each layer has a ^ckness range of from 10 to 500 
A.. 





Layer I>efiniti<si 

Layer 1 
No. 


Materials 


Type 


Doping Range, 
cm' . 
(lunninal) 


Thickness 
Range, A 
(nominal) 


photodiode or optically transparent layers 


10-100 
pairs of 
layers 431 
and 433 
(nominally 
50 pairs) 


433 


DBR 

Superlattice 
Stack Barrier 
Layer 


InGaAs/InP 
All ffl-V alloys that 
can be applied on a 
given substrate 


UID 


10'^ -10'^ 
(10*^ 


10-500 
(200) 


431 


DBR 

Superlattice 
Well Layer 


InGaAs/InP 
All m-V alloys that 
can be applied on a 
given substrate 


UID 


10*^ -lO'*^ 
(10'^ 


10-500 
(100) 




201 


Substrate 


hiP 

metamorphic GaAs 


S.L 







Table in. A DBR Stack Embodiment where PD is Photodiode; UID is Unintentionally 

Doped; and S.i. is Semi-insulating. 
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[0048] The constituent material systems for DBR 430 include, but are not limited to, an 
InP/InGaAs superlattice compatible for fabrication wifli InP-based devices. They can be any 
combination of superiattice (SL) or multi-quantum wells (MQWs) among flie following 
material systems in which lattice-matched or strained can be formed: bAlAs/InGaAs, 
InAlGaAs/InGaAs, InAlGaAs/InAlGaAs, InGaAsP/IhGaAs, or InGaAsP/toGaAsP SLs and 
MQWs. Similarly, the material systems for GaAs-based and metamorphic MQWs and 
superlattices can be any combinations that are possible to be grown on given substrates. 

[0049] Structure 400 is preferably lattice-matched to either an iiP or a GaAs substrate. 
Alternatively, strained or metamorphic layers can be used to support structure 400. Bipolar 
transistor 410 includes InP-based and GaAs-based SHBTs, includmg but not limited to 
double-etch-stop ledged or non-ledged, and/or alloy-through or non-alloy-through structures 
in the emitter-base junction. The base-collector junction of transistor 410 is preferably a 
SHBT. Alternatively, transistor 410 is a DHBTtimtutili2«s&eDHBT collector region as a 
photon absorption layer in PD 420. 

[0050] The potential of structure 400 to increase the PD output is evident from a 
consideration of the light converted into electrons in the structure, particularly in comparison 
with structure 100. Incident and reflected ligjit is shown respectively entering and leaving 
photodiode 420, with a fraction r reflecting oflFof DBR 420. In general, DBR 420 has a 
reflectivity F less than 1. Coniparing.the photo-responsivity of a single pass PD (Rsin^e^X 
such as structure 100, wifli the photo-responsivity through a double-pass PD (Rdoubi^pass)* 
such as structure 400 for a perfectly reflective DBR (i" = 1) gives: 

77 (l- exp(-2ctt/)) 

[0051] The double-pass photodetector responsivity is increased by a factor of exp(-arf) in 
comparison with a single-pass photodetectors without any compromise in device RF 
performance. Preferably, the top portion of photodiode 420 has an anti-reflection (AR) 
coating, and the reflectivity of DBR 430 should be considered in the design of the AR coating 
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fliickness. A value ofT of ftom 0.7 to 1 .0 will effectively inciease flie responsivity of 
photodiode 420. 

[0052] A fourth embodiment of a double-pass PIN/HBT stmcture 4^^ 
structure 400* in FIG. 5. Structure 400* has an HBT 210 and a photodiode 220, as described 
previously, over a DBR 430 which is on top of substrate 201. Table in includes defiiutions 
of layers 431 and 433. Preferably, there are fiom 10 to 100 pairs of layers, wifli 50 pairs of 
layers being a nominal value, and with the number chosen to obtain a particular value of P. 
Structure 400' can be fabricated firom a stack 600 on a substrate 201, as shown in FIG, 6. 
Stack 600 includes DBR stack 430 on top of substrate 201, and stack 203 on top of Ae DBR 
stack. The processing of stack 600 to form structure 400* follows the processing of stack 
230 as described above with reference to FIG. 3, with the stack 430 removed along wifli layer 
203-a. 

[0053] FIG. 7 is a sectional view of a fifth embodiment semiconductor structm:e 400" 
having a SHBT 210, a p-i-n photodiode 720 and DBR structure 430 between the 
SHBT/photpdiode and substrate 201, with layers 800 defined in Table IV. SHBT 210 has be 
described previously, and is formed firom layers 203-d to 203-1, as previously described. 
Photodiode 720 is formed fiom the upper layers of p-i-n-i-p photodiode 220 - that is layers 
203-d to 203-h. Layere 203-d to 203-1 forming SHBT 210 and photodiode 720 are on top of 
a DBR stack 430 of 50 well/barrier layers (431 and 433, respectively). 
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Layer 
Definitioii 
HBT 


PD 


Material 


Type 


Doping . 
(an-') 


Thickness 
(A) 


^\JJ I. 


Cap 




InGaAs 


N+ 


10" 


1500 




Emitter 




InP 


N 


10'» 


400 




DESL 




InGaAs 


N 


5x10" 


50 






InP 


N 


10" 


300 


203-h 


Base 


P 


InGaAs 


P+ 


4x10'* 


500 


203-g 


Collector 


I 


InGaAs 


UID 


lO'" 


3000 




Etch Stop 


I 


InP 


UID 


10'" 


200 


203-e 


SubcoUector 


N 


InGaAs 


N+ 


10" 


1000 


203-d 




N 


InP 


N+ 


5 X 10" 


2000 


433 


DBR 
Superlattice 
Stack 
(50 pairs) 


Barrier 


InGaAs/mP 


ULL/ 






431 


Well 


InGaAs/InP 


UID 


lO"* 


100 


201 


Substrate 




InP 


S.L 







incoiporation of DBR, where PD is Photodiode; UID is Unintentionally Doped; S.L is Semi- 
insulating; + is Heavily Doped, and DBR is distributed Bragg reflector. 



[0054] FIGS. 8A-8F are sectional views of one processing embodiment for 
manufecturing the semiconductor structure of FIG. 7. The starting layers are shown in FIG. 
8A. An emitter contact 221 is first deposited on HBT cap layer 203-1 using thermal or e-gun 
evaporation in a vacuum system (FIG. SB). The emitter layers are then etched to layer 203-h 
using a selective etching solution (FIG. 8C). The selective etching is preferred for better 
device uniformity control. The selective etching sohitions can be found in many publications 
and are well-documented. Following the emitter eteh, self-aligned base contact pads 213 and 
p-type pads 221 are applied (HG. 8D). The base and collector etch is applied to layer 203-e 
(FIG. 8E). The collector metal contact pads 215 are then applied on collector layer and metal 
contact pads 223 are applied to the photodetector n-type layer (FIG. 8F). Finally, Ae sub- 
collector as well as flie DBR layers is removed using either wet-etching or dry etching siich 
as ICP or RIE to isolate the devices fiom electrically shorting and forming the structure of 
nG. 7. 

[0055] There are a large number of structures amenable to placing a DBR between a PD 
and flie substrate for use in an integrated OEIC. Yet another structure 400 is shown in FIG. 9 
as is a sectional view of a sixth embodiment semiconductor 400"' having a DHBT 910, a p-i- 
n photodiode 920 and DBR structure 430 between the SHBT/photodiode. 
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[0056] The invention has now been explained witti le^rd to specific embodiments. 
Variations on these embodiments and other embodimrats may be apparent to those of skiU in 
the art It is therefore intended fliat the invention not be limited by flie discussion of specific 
embodiments. It is understood that the examples and embodiments described herein are for 
illustrative purposes only and that various modifications or changes in light thereof will be 
suggested to persons skilled in the art and are to be included within the spirit and purview of 
this application and scope of the appended claims. 
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